Abstract Brain cancers demonstrate a complex metabolic behavior so as to adapt the external hypoxic environment and internal stress generated by reactive oxygen species. To survive in these stringent conditions, glioblastoma cells develop an antagonistic metabolic phenotype as compared to their predecessors, the astrocytes, thereby quenching the resources expected for nourishing the neurons. The complexity and cumulative effect of the large scale metabolic functioning of glioblastoma is mostly unexplored. In this study, we reconstruct a metabolic network comprising of pathways that are known to be deregulated in glioblastoma cells as compared to the astrocytes. The network, consisted of 147 genes encoding for enzymes performing 247 reactions distributed across five distinct model compartments, was then studied using constrained-based modeling approach by recreating the scenarios for astrocytes and glioblastoma, and validated with available experimental evidences. From our analysis, we predict that glycine requirement of the astrocytes are mostly fulfilled by the internal glycine-serine metabolism, whereas glioblastoma cells demand an external uptake of glycine to utilize it for glutathione production. Also, cystine and glucose were identified to be the major contributors to glioblastoma growth. We also proposed an extensive set of single and double lethal reaction knockouts, which were further perturbed to ascertain their role as probable chemotherapeutic targets. These simulation results suggested that, apart from targeting the reactions of central carbon metabolism, knockout of reactions belonging to the glycine-serine metabolism effectively reduce glioblastoma growth. The combinatorial targeting of glycine transporter with any other reaction belonging to glycine-serine metabolism proved lethal to glioblastoma growth.
Introduction
Human brain, in order to ensure its proper functioning, has to account for a highly perplexing conduct which is maintained by the interplay between its distinctive cell sorts. An emerging area of interest in the last decade, pertaining to brain metabolism, has been the study of behavioral aspects of astrocytes (Bouzier-Sore and Pellerin 2013) and their cancerous counterpart, glioblastoma (Wolf et al. 2010) . Several studies have been performed to understand the metabolic alterations incurred within the astrocytes, which lead to their phenotypic manifestation as glioblastoma (Chinnaiyan et al. 2012 ). However, the cumulative effect of a large scale metabolism on the metabolic functioning of glioblastoma still remains unaddressed. The effect of the mutual connectivity of the individual pathways within its metabolic network and the difference in response they show in the astrocytic and glioblastoma scenarios is also largely unknown. Glioblastoma cells can exhibit diversified Electronic supplementary material The online version of this article (doi:10.1007/s11693-015-9183-9) contains supplementary material, which is available to authorized users.
response to same stimulus and show a great metabolic heterogeneity, which enable them to thrive even in a glucose starved condition (Griguer et al. 2005) . A few of the metabolic phenomena, such as a higher accumulation of glycine in the glioblastoma cells (Hattingen et al. 2009 ) and the disruption of primary brain tumor growth with the inhibition of cystine (Chung et al. 2005) , are known, but the reason to such behavior is still not understood properly. Knowledge about the alternative metabolites, which help the glioblastoma cells to thrive with altered metabolism, also remains largely unexplored.
One of the pioneering work in cancer biology was the discovery of Warburg effect in 1924 (Warburg 1956 ), which suggested that cancer cells might adapt to a primitive glycolytic pattern of embryonic cells and mitochondrial injury as well as metabolic switching of glycolysis to aerobic glycolysis might be essential for cancer development. Several studies have been carried out to delineate the advantage of such a modification in the tumorous cells. These phenomena are also observable in glioblastoma, enabling them to suffice their rapacious requirements (Zhou et al. 2011) . In addition to this remarkable discovery, several other experimental and statistical analyses have been conducted to delineate the phenomenal changes in the properties of glioblastoma as an effect of metabolic alterations in different enzymes belonging to different pathways like tryptophan metabolism (Sahm et al. 2013) , cysteine metabolism (Ye et al. 1999 ), glutamine and glutamate metabolism (Wise et al. 2008) . Properties of these individual metabolic pathways have been studied in both astrocytes and glioblastoma, but the difference in their response as a part of a large metabolic network, in the two scenarios, is yet to be studied. A new arena of in silico studies have also been employed in the past decade to obtain a large-scale network understanding of glioblastoma. Different types of dynamic modeling approaches, such as spatiotemporal modeling (Burgess et al. 1997; Tracqui et al. 1995) , partial differential equation modeling (Swanson et al. 2003) , ordinary differential equations, have been used to detect the growth and invasion of glioblastoma cells (Mandonnet et al. 2008) . These studies, however, are only a partial picture to the unaddressed questions, and hence, further studies are required to address the same. Further, the aforementioned studies have been largely limited to understand the metabolism of glioblastoma in parts, and have not been focused to identify or predict feasible drug targets on a network scale. Moreover, these studies have also overlooked the context-dependent understanding of glioblastoma metabolism and its role in achieving specific biological goals (Banerji 2013) .
Varieties of chemotherapeutic agents are available commercially to treat cancer, possessing a high degree of target specificity and better clinical manifestation. Gleevec (imatinib), Iressa (gefitinib), Herceptin (trastuzumab), rituximab are a few examples of presently available therapeutics. However, due to multiple genetic and epigenetic alterations, the progression and disease manifestation of cancer turns out to be a complex phenomenon to understand. The malignant cancer cell populations become heterogeneous even within a specific cancer type containing diverse genetic changes, which further alters over time due to genetic instability (Pelicano et al. 2006) . A multiple targeting approach in this scenario is favored over single targets to effectively deal with the random mutations generated in a cancer population. The effectiveness of the available therapeutics also has to be monitored, as many of the existing therapeutics are potentially harmful to the normal tissues too and are neurotoxic in nature.
In the present work, to understand the complex differences in the metabolic behavior of astrocyte and glioblastoma, we develop a context-specific constraint-based model for astrocyte/glioblastoma metabolism, and analyze it using flux balance analysis (FBA). For specific comparison between the two scenarios, we have considered those pathways which are known to get deregulated in glioblastoma when compared to the normal astrocyte. Our model accommodates a total of 13 pathways, the abnormal functioning of which have been reported in glioblastoma literature. The model has 247 reactions, with 39 exchange reactions and 69 transport reactions associated with 147 genes. Analyzing this large network using flux balance analysis, the differences in the individual pathway response as a part of large metabolic network in astrocyte and glioblastoma scenarios were delineated. It further aims to capture the properties of the included pathways and metabolites in glioblastoma cells (which help in its growth), to understand the differences in the uptake and utilization of metabolites (which can be categorized as essential and non-essential) and release of overflow metabolites in the two scenarios, and to predict probable chemotherapeutic targets through in silico single and double reaction knockout analyses of the glioblastoma model.
The results generated from both astrocytic and glioblastoma scenarios corroborated qualitatively with the experimentally available information further validating its feasibility in predicting biologically reasonable phenomena. By analyzing the steady state flux profiles generated by flux balance analysis of the model, the fate of a few metabolites, their essentiality in glioblastoma growth and the path followed by them to contribute to the optimization of objective functions (mitochondrial ATP synthesis and glioblastoma growth) were interpreted. Single and double reaction knockout analyses were performed, to determine the essentiality of the reactions involved in the metabolic network, in governing the growth properties of glioblastoma. Potential drug targets were identified from those set of essential reactions. To determine the extent of regulation that could be imposed on those drug targets and to analyze them quantitatively, they were further simulated for chemotherapeutic intervention scenarios with the motive of either reducing the glioblastoma growth to zero, or to reduce it to the growth rate of a normal astrocyte.
Thus, our simple but extensive modeling approach provides a deep insight into the consequences of glioblastoma metabolism substantiating the strength of suitable in silico approaches in understanding metabolic networks and predicting biologically reasonable disease scenarios. Additionally, the classification of reaction knockouts combined with simulation of chemotherapeutic interventions could largely predict reaction pairs as feasible drug targets, further supporting the large-scale applicability of constraint-based models in predicting reasonable chemotherapeutic target combinations.
Materials and methods

Model reconstruction
Information regarding the association of enzymes to crucial metabolic reactions, their appropriate subcellular locations, transports and exchanges were compiled using a variety of data sources. The basis of this reconstruction was to identify the gene-protein-reaction (GPR) network along with appropriate transports and exchanges. The GPR was reconstructed considering reactions that contribute to ATP synthesis and glioblastoma growth.
The reactions considered in the model and their corresponding Enzyme Commission Numbers (EC Numbers) were curated from Expasy Enzyme (Bairoch 2000) and KEGG (Kanehisa et al. 2014) . The genes to the enzymatic reactions considered in the model were obtained from NCBI Gene (Edgar et al. 2002) . Molecular function of these reactions and their biological process was obtained from UniProt (Consortium 2014) , KEGG (Kanehisa et al. 2014 ) and through literature survey. Information regarding the subcellular localization of the reactions was compiled through extensive literature search and those reactions, for which literature support for subcellular localization was limited or not available; cytosol was taken to be the default compartment of the reaction. A list of reactions, their corresponding genes, enzymes, UniProt ID and KEGG ID was compiled with appropriate literature support to gather evidences related to biological significance and subcellular localization of the reactions (Online Resource 1). Most of the internal reactions along with 12 transport reactions were associated with their corresponding genes, which accounted for 147 genes in the model. All the metabolites and the corresponding reactions in which they were involved were distributed into five different compartments: Extracellular space, Cytoplasm, Mitochondria, Mitochondrial intermembrane space and Nucleus. All these information were organized in the rBioNet toolbox, a MATLAB extension of the COBRA Toolbox (Schellenberger et al. 2011) , to reconstruct the constraint-based metabolic model. The reconstructed metabolic network consisted of 13 pathways that are significantly affected during the transformation from astrocyte to glioblastoma (see Table S1 of Online Resource 2). The detailed pathway diagram has been drawn in CellDesigner version 4.3 and has been provided in Fig. S1 of Online Resource 2.
Flux balance analysis (FBA)
Flux balance analysis is a mathematical approach to analyze the flow of metabolites through a metabolic network, where the metabolic reactions are represented in a tabulated form of reaction matrix, of stoichiometric coefficients of each reaction. In our metabolic network, this relationship was established between the metabolites and the reactions in the form of an S-matrix which comprised of 159 metabolites and 247 reactions, building up the S-matrix of dimension '159 9 247'. The score assigned to each element of the S-matrix, S xy , represented the stoichiometry of the metabolite 'x' in the reaction 'y'. A positive score signified the production of the metabolite and a negative score implied its consumption in the reaction. The column vector v had 247 fluxes, including 39 exchange reactions and 69 transport reactions. FBA formalizes the flux distribution through the whole metabolic network as the dot product of the S-matrix with the vector v. All the reactions in the model were organized in the rBioNet toolbox, where their fluxes were constrained between a lower bound v lb and an upper bound v ub . All the reversible reactions were bounded between v lb = -1000 and v ub = 1000. The irreversible reactions in the model were bounded either from 0 to 1000 or -1000 to 0 with respect to the substrate and products defined for that reaction as per available information from literature. The bounds to the exchange reactions were fixed as per the requirement of the system for uptake or release of the exchange metabolites. Those exchanges which were known to be taken in were bounded between [-1000 to 0] and those which were known to be released out were bounded between [0 to 1000]. Rest of the exchanges was bounded between [-1000 to 1000] to analyze their role in the metabolism by simulating the model using FBA.
Selection of objective function
The metabolic requirement of the cancerous cells (glioblastoma, in the present case) is not completely sufficed by diverting flux towards production of ATP through Oxidative Phosphorylation, which necessitates the requirement of an altered metabolism which can fulfill both the energy and metabolic requirement for the growth of the cells. Therefore, in our study, we defined two objective functions:
1. ATP synthesis through oxidative phosphorylation (ATPSyn)
2. a metabolic demand reaction that will dually fulfill the requirements of growth and ATP (GBM_BM). To define the metabolic requirement of the model ribose-5-phosphate, r5p(c), oxaloacetate, oaa(m), succinate, succ(m) and glutathione glt(c) were included as components of the objective function, selected on the basis of their contribution as (a) precursor to the nucleotide biosynthesis and synthesis of amino acids like valine, lysine, methionine, threonine, etc. (Lee et al. 2006 ), (b) intermediates for maintaining redox balance in different cellular compartments and biosynthesis of other cellular components required for cell growth (Covert et al. 2001; Pistollato et al. 2010) , (c) preventing damage to cellular components caused by reactive oxygen species produced due to hypoxia or other cellular stress (Chung et al. 2005) :
Creation and validation of astrocytic and glioblastoma scenario Astrocytic brain tumors, commonly known as glioblastoma, are the most frequent human brain tumors, encompassing 50 % of the cases (Jellinger 1977) . These emerge as manifestations of multiple alterations in the metabolic (Wolf et al. 2010 ) and signaling pathways (Kleihues and Ohgaki 2000) of astrocytes. Hence, in the model, selected pathways which were known to be deregulated in the astrocyte-derived glioblastoma (see Table S1 of Online Resource 2) were considered to define the metabolic differences between astrocyte and glioblastoma scenarios. Bounds to the flux through a few enzymes which defined the differences between the two scenarios were assigned on the basis of literature support. Both the objective functions were optimized for the two scenarios. Limited bounds were assigned to a few reactions to create the astrocyte scenario. The rest of the reactions fluxes were allowed to vary between a wide range of [-1000 to 1000] or [0 to 1000] or [-1000 to 0] as per the reversibility or irreversibility of the reactions. The model was then simulated to obtain results that were in accordance with the experimentally available data defining the features of astrocyte (Mangia et al. 2009; Marrif and Juurlink 1999; Pellerin and Magistretti 1994 [-50, 50] , were fixed and the model was analyzed using FBA to create the astrocytic scenario.
Perturbations were performed to the same astrocytic model by varying the lower and upper bounds to a few reactions that were experimentally found to be deregulated in glioblastoma, and then the model was simulated to create the glioblastoma scenario. Bounds were released to a few reactions, which were imposed in the astrocytic scenario: 'glutaminase' [-1000, 1000] and 'acetyl-CoA carboxylase' [0, 1000] . New bounds were assigned to another set of reactions to generate the glioblastoma scenario: 'glutamate dehydrogenase' [-200, 200] , 'Cytochrome c Oxidase (complex IV)' [-10, 10] , 'Trans_Glutamate (ATP)' [-90, 90] and 'glycine exchange' [-500, 500] . This model was analyzed using both 'ATPSyn' and 'GBM_BM' as objective function. This model was again validated with experimental data available for glioblastoma (Hertz and Zielke 2004; Wise et al. 2008; Ye et al. 1999) . The effectiveness of GBM_BM in determining the growth properties of glioblastoma was verified with experimental evidence. The result has been provided in Fig. S2 of Online Resource 2.
In-silico prediction of minimal essential metabolite for glioblastoma growth Glioblastoma cells are grown in commercially available MEM or DMEM media (Anton and Glod 2014; Guessous et al. 2013; Ye et al. 1999 ). However, due to lack of sufficient literature that report the essential metabolites required for glioblastoma growth even at glucose starved conditions, an in silico simulation was performed to check the fate of some key metabolites that contribute to the growth in the glioblastoma. The entry of each carbon source was considered in the model, one at a time and the corresponding solution of the GBM_BM objective function (growth) was computed. Also, the fate of the most essential metabolite with another input carbon source within the model was checked and the optimal solution of the GBM_BM objective was calculated. This was performed to identify the most important carbon sources required for enhancing glioblastoma growth.
Single and double reaction knockouts in glioblastoma
A reaction knockout strategy was chosen, instead of gene knockout approach, to completely nullify the functional effect of the reaction in the network. Reaction knockout predictions allowed the identification of reactions that could be targeted for either completely inhibiting or reducing the glioblastoma growth. Each of the 247 reactions in the metabolic network was knocked down individually to predict the mutations that could be lethal to the glioblastoma growth. For performing the knockout, flux through each reaction in the network was constrained to zero and solution of the GBM_BM objective function was computed for each knockout. Double reaction knockouts were also performed, with a combination of two reactions to be knocked down simultaneously. The single and double knockouts were classified on the basis of percentage reduction of flux through the objective function, GBM_BM, from its optimal value. The optimal value of the objective function for the astrocytic scenario in the model corresponded to the normal growth rate.
Simulation of chemotherapeutic interventions
Further, we filtered the results of double reaction knockouts for identifying feasible chemotherapeutic combinations to target glioblastoma growth. For performing in silico chemotherapeutic interventions, we divided the reactions into three groups as per their essentiality. We predicted the putative feasible ranges for each of these reaction combinations, in which chemotherapeutics can effectively target glioblastoma growth either for its complete inhibition or bring it back to the normal astrocytic growth rate.
Results
Properties of the model
The present context-specific model for glioblastoma metabolism has a total of 247 reactions, with 39 exchange reactions and 69 transport reactions. Most of the internal reactions along with a few transport reactions have been associated with their corresponding genes, which accounts for 147 genes in the model.
The present model for glioblastoma metabolism can be classified on the basis of the following four categories: (1) enzyme commission number, (2) gene non-gene association, (3) sub-cellular locations, and (4) metabolic processes ( Fig. 1) . A large number of the reactions in the model belonged to the class 1 category of enzyme classification i.e., the oxidoreductases (22 %). These set of enzymes catalyze the oxidation of one chemical species and the simultaneous reduction of the other by transfer of electrons from one species to another. The other classes of enzymes in this classification scheme were the transferases (14 %) followed by lyases (10 %), hydrolases (4 %), isomerases (2 %), and ligases (2 %). Another 28 % of the reactions belonged to transport reactions and 16 % to extracellular exchange reactions, which occurred spontaneously in the system (Fig. 1a) .
The reactions can also be classified on the basis of their association with genes to understand gene reaction associations (Fig. 1b) . 60 % of the model reactions were geneassociated, out of which 6 % were transport reactions. The rest of the reactions were classified as: Non-Gene associated Exchange Reactions (16 %), Non-Gene associated Intracellular Reactions (2 %) and Non-Gene associated Transport Reactions (22 %).
In the classification shown in Fig. 1c , the cytosolic and mitochondrial reactions contributed to 54 % of the total reactions in the model. 2 % of the reactions belonged to the mitochondrial intermembrane space model compartment that specifically accounted for oxidative phosphorylation. The transport reactions were categorized according to the membrane to which it is associated. Transports accounted for 30 % of the total reactions: Mitochondrial membrane spanning (11 %), Nuclear membrane spanning (2 %) and Plasma Membrane spanning (17 %).
With reference to the metabolic processes, 23 % of the reactions belonged to fatty acid metabolism inclusive of both biosynthesis and beta oxidation of palmitic acid. The rest of the pathways contributed to 30 % of the total count of which 14 % belonged to Glycolytic, PPP, TCA cycle and Oxidative phosphorylation pathway and 2 % were contributed each by Glycine-Serine Metabolism, Cysteine Metabolism, Methionine Metabolism and Glutamate Metabolism, without taking into account the transport and exchange reactions. Another set of reactions, namely, cytosolic ATPase (ATPS), cytoplasmic malate dehydrogenase (MDH(Cyto)), Phosphoenolpyruvate carboxykinase (GTP) (PEP_CarbK_1), mitochondrial pyruvate carboxylase (Pyr_Carbm) which could not be assigned strictly under any particular pathway, were categorized as 'Others' which contributed 2 % of reactions to the (Fig. 1d) .
Validation of astrocytic and glioblastoma model
The reconstructed metabolic model was validated for both the astrocytic and the glioblastoma scenarios, using mitochondrial ATP synthesis as the objective function. The astrocytic scenario was created first, by fixing bounds of a few reactions. Few known perturbations from experiments were introduced to the astrocytic scenario so as to create the glioblastoma scenario (See ''Materials and methods'' section for details).
Astrocyte
Required changes were made to the bounds of certain reactions during simulation of the astrocyte model and the optimal range of bounds within which it showed the properties of astrocyte was estimated (see ''Materials and methods'' section). The model astrocyte scenario was analyzed and validated, using mitochondrial ATP synthesis (ATPSyn) as the objective function. The astrocyte scenario was validated for a number of experimental observations, such as pyruvate recycling, lactate production and effect of glutamate.
Astrocytes prefer a glucose-dependent metabolism where glucose is catabolized to pyruvate that enters the TCA cycle thereby leading to ATP synthesis (Mangia et al. 2009 ) and partly to the formation of lactate so as to suffice the neuronal requirement. This property was examined in the model astrocytic scenario by performing a robustness analysis of glucose uptake with increasing oxygen uptake. The default flux balance analysis (FBA) of model astrocytic scenario suggested an optimal flux of 160 for oxygen uptake from the environment. The uptake of oxygen was thus, varied up to its optimal flux and its effect on glucose uptake was observed. Increase in oxygen uptake led to linear but proportional increase in glucose uptake (Fig. 2a) . This inferred the utilization of glucose to produce lactate by the astrocytes without affecting the mitochondrial respiratory chain. Further, a slight dip in the glucose uptake rate was observed when the flux through the oxygen uptake was more than 130. But simultaneously, flux through mitochondrial ATP synthesis continued to increase, signifying that the decrease in glucose uptake did not affect the ATP synthesis. The probable reason for this may be the recycling of pyruvate from the TCA cycle intermediates. Reports also suggest that one of the TCA cycle intermediates, citrate, may produce oxaloacetate, which is subsequently converted to pyruvate through the activity of malic enzyme or by the combined activity of PEP carboxykinase and pyruvate kinase (Sonnewald et al. 1996) .
Similar to this, model simulations suggested recycling of pyruvate by utilization of TCA produced oxaloacetate through PEP carboxykinase and pyruvate kinase reactions. This resulted in a reduced dependence of pyruvate production on glucose uptake. The pyruvate so formed was catabolized into the TCA cycle and compensated for maintaining ATP production proportional to oxygen uptake.
The activity of lactate dehydrogenase and pyruvate kinase increased during anoxic conditions as compared to normoxic conditions in astrocytes (Marrif and Juurlink 1999) . To verify this property, normoxic and hypoxic conditions were created in the model by constraining the oxygen uptakes at the optimum (flux value = -120) and low (flux value = -2) values and ensuring sufficient glucose uptake in the model. It was observed qualitatively that the model is capable of capturing this feature of astrocytes (Fig. 2b) . Although the actual experimental result was generated by incubating the astrocyte cells in a completely oxygen deprived anoxic condition for 6 h, creating such a situation in the in silico analysis would lead to zero ATP synthesis (objective function considered for validation) in the model due to its dependence on oxygen. Hence, the property was verified for hypoxic conditions only. Similar pathway-based down-regulation in activity of certain proteins under hypoxic stress has been reported earlier (Maity et al. 2000) but for the signaling pathways.
In astrocytes, the uptake of glucose increases with increase in glutamate uptake thus leading to increased lactate production (Pellerin and Magistretti 1994) . This situation was created in the model by regulating the exchanges of glucose, glutamate, glutamine and oxygen. By varying the glutamate uptake from 0 to 450, a corresponding increase in glucose uptake and hence, lactate production was observed during model simulations. Fig. 2 Validation of astrocyte scenario. Properties of astrocyte: a increase in glucose uptake driven towards mitochondrial ATP synthesis and lactate production, b increase in the activity of lactate dehydrogenase and pyruvate kinase in hypoxia conditions, c increase in glucose utilization and lactate production with increasing glutamate uptake Exploring the differences in metabolic behavior of astrocyte and glioblastoma: A flux… 165
Further, it was observed that highest lactate production was at a glutamate uptake flux of 450 (Fig. 2c) .
Glioblastoma
In the model, the astrocytic scenario was further perturbed to create the glioblastoma scenario. To validate the glioblastoma scenario, steady state fluxes of certain reactions obtained by simulating for glioblastoma scenario was compared with that of the astrocyte scenario, while keeping all the nine inputs open to the system. The ''Warburg effect'', which states a reduction of ATP production through mitochondrial respiration and an increase in glucose utilization to increase the flux towards aerobic glycolysis (Zhou et al. 2011) , was observed in the glioblastoma scenario (Fig. 3a) . For further validation of this scenario, few experimental observations were replicated from the model. Glutaminolysis is a known property of glioblastoma cells, where the uptake and utilization of glutamine is favored over glutamate for compensating the loss of glutamate through cysteine-glutamate antiporter (Wise et al. 2008) , which is a property that is exactly opposite to that of astrocytes (Hertz and Zielke 2004) . Also, uptake of cystine increases in the glioblastoma cells due to enhanced activity of cystineglutamate antiporter (Ye et al. 1999 ). All these differences in the exchange properties of glioblastoma could be observed through our model, when the entry of all the input metabolites was allowed (Fig. 3b) .
Validation of glioblastoma metabolic demand reaction (GBM_BM)
A separate metabolic demand reaction was also introduced in the model glioblastoma scenario so as to understand the influence of different metabolites on glioblastoma growth. Considering this reaction as the cellular objective, the glioblastoma scenario was further studied for its metabolic properties. All the further analyses have been performed keeping the GBM_BM metabolic demand reaction as the objective function. For the verification of the objective function-'GBM_BM' in representing the properties of glioblastoma, a qualitative analysis was performed to compare the activity of certain reported reactions in the astrocytic and glioblastoma scenario. The fold change in activity from astrocytic to glioblastoma scenario as predicted from the model was compared to existing proteome data extracted from young glioblastoma patients (Deighton et al. 2014) . The results of this comparison are listed in Table 1 . Data was available as fold change in expression for eight reactions of the model. Out of the eight reactions, predicted activity for five reactions was qualitatively found to be in correspondence with the experimental observations.
Opposing roles of glycine and glutamate uptake in astrocytes
Evidences state that glycine content of neuronal cells was higher than that of glial cells (Roux and Supplisson 2000) . Also, most of the CNS tissues sufficed their glycine requirement via the internal glycine-serine metabolism pathway derived from glucose via 3-phosphoglycerate (Nicklas and Browning 1978) , even though astrocyte cultures fed with glycine were capable of utilizing it by maintaining intracellular levels of glutathione, serine and creatine (Dringen et al. 1998) . Further, high uptake of glycine in astrocytes was observed to be tightly coupled with high secretion of Na ? and Cl -(Zafra and Gimenez Fig. 3 Validation of glioblastoma scenario. Properties of glioblastoma: a reduced mitochondrial ATP synthesis and increased glucose utilization in glioblastoma scenario; b reversal in glutamate and glutamine utilization and increase in cystine uptake in glioblastoma scenario 1986). In the model, we have assumed the uptake of glycine to be a normal uptake devoid of its coupling with Na ?
and Cl -. To simulate the effect of variation in extracellular Na ? and Cl -ions on glycine uptake, the bounds on glycine uptake in the astrocytic scenario was varied. Further, bounds on uptake of all the aforementioned input metabolites were released so as to allow their utilization within the model. It was observed that glycine uptake had a dominant influence on glutamate/glutamate uptake cycle of astrocytes. Glutamate taken in by the cell is catabolized through TCA, glutamine production and release, and release of glutamate through cystine-glutamate antiporter. Under low glycine uptake (flux value of glycine uptake \-60), most of the glutamate taken into the cell, forms glutamine and is released from the cell ensuring lower uptake of cystine and hence, less glutamate release through cystine-glutamate antiporter (Fig. 4) . Whereas, increased glycine uptake is driven towards increased synthesis of glutathione. Simultaneously, an equal increase in flux through cystine uptake (cystine-glutamate antiporter) also takes place. Cystine is then provided for cysteine biosynthesis, which combines with glycine for glutathione production. For increased uptake of cystine, an equal efflux of glutamate through the antiporter is also required. Glutamate required for this efflux is provided by its uptake through glutamate-ATP transporter. To compensate for the amount of glutamate lost through efflux, glutamine uptake increases and this glutamine leads to glutamate synthesis. This result suggests that the astrocyte prefers higher glycine uptake so as to combat oxidative stress whereas a lower uptake of glycine is preferred when there is a higher requirement of glutamine by the surrounding neurons.
Difference in pathway response between the astrocytic and glioblastoma scenarios Cells tend to either maximize ATP synthesis or optimally use metabolites from the environment to satisfy their cellular demand for optimum growth. The choice of an objective function that can be used to capture actual biological scenarios is a primary requirement for performing FBA. To understand the roles of the aforementioned cellular objectives, the model was simulated in both the astrocytic and glioblastoma scenarios for the two objective functions: mitochondrial ATP synthesis and GBM_BM metabolic demand reaction separately (See ''Materials and methods'' section).
Maximization of mitochondrial ATP synthesis
FBA simulations for maximization of ATP synthesis revealed a number of metabolic features of the glioblastoma scenario.
1. Increase in glycolytic flux in glioblastoma Simulations for ATP synthesis as the objective function demonstrated a significant increase in the flux through the glycolytic and pentose phosphate pathways in the glioblastoma scenario as compared to the astrocyte but a corresponding decrease in ATP synthesis (Fig. 5a, b) . To create the glioblastoma scenario, a reduced activity of Complex IV of the electron transport chain was assumed (Chatterjee et al. 2006 ). ATP synthesis is largely dependent on Complex IV for redox balance. Hence, decreased ATP synthesis is observed. Under the reduced activity of Complex IV, the deficiency of electrons for ATP synthesis is partly met through Complex I and III of electron transport chain. This led to an increased synthesis of oxaloacetate from phosphoenolpyruvate through the PEP carboxykinase and aspartate aminotransferase reactions. Hence, flux through glycolysis is largely increased in the glioblastoma scenario for the provision of phosphoenolpyruvate. The glycolytic dependence of ATP synthesis is a unique feature of glioblastoma cells (when compared to astrocytes) that could be captured from the model (Vander Heiden et al. 2009) . A comparison of the steady state flux profiles of astrocyte versus glioblastoma with ATPSyn as objective has been provided in Table S2 of Online Resource 2. 2. Increased cystine uptake in glioblastoma Simulations for ATP synthesis as the objective function also demonstrated an increased uptake of cystine (Fig. 5c ). The total flux of cystine is distributed into cysteine biosynthesis which is then distributed towards a relatively low amount of glutathione biosynthesis ( Fig. 5f ) and largely towards production of pyruvate through the cysteine dioxygenase (CD), cysteine sulfinate transaminase (CST), and the spontaneous 3snpyr (SPON1) reactions. This pyruvate is utilized for acetyl coA synthesis and hence, the biosynthesis of fatty acids which are further released in the extracellular environment.
Increased catabolism of glutamine in glioblastoma
Reactions belonging to glutamate metabolism showed a higher activity which was due to higher glutaminolysis in glioblastoma scenario (Wise et al. 2008 ). This was due to the uptake of glutamine by the glioblastoma cells, from external medium, which was converted to glutamate within the cell. The glutamate that was formed was mostly used by the cystine-glutamate antiporter (anti_cystine_glut) in order to uptake cystine. Cystine then is utilized in the cysteine metabolism pathway for pyruvate synthesis that enters TCA cycle (Fig. 5d ).
Decreased glycine-serine biosynthesis in glioblastoma
Simulations of the model for ATP synthesis as the objective function also demonstrated an increased uptake of glycine (Fig. 5e ). It could be observed that in glioblastoma, glycine was preferred to be taken inside the cell whereas in contrary it is being synthesized within the astrocyte. This was because the glycolytic flux was completely utilized into TCA cycle for maximizing ATP production instead of being distributed into the mitochondrial TCA cycle and glycine-serine metabolism.
Maximization of the metabolic demand
Qualitatively, the same trend of pathway response was observed for the two scenarios while optimizing the model for the metabolic demand reaction 'GBM_BM'. Although, a few more differences was further observed while considering the GBM_BM demand reaction.
1. Increased flux through glycolysis and pentose-phosphate pathway in glioblastoma Simulating the model for GBM_BM objective function in both the scenarios suggested an increased flux through the glycolysis and pentose-phosphate pathway (PPP) reactions (Fig. 6a, b) . This increased flux is contributed by the glycine uptake through the phosphoglycerate dehydrogenase (PGDH) reactions into glycolysis and hence, PPP so as to provide for ribulose-5-phosphate present in the GBM_BM objective. Further, the lower part of glycolysis was observed to be more active as compared to the upper reactions as reported in a study (Oudard et al. 1996) , where a low activity of hexokinase was observed due to the loss of chromosome 10. Apart from this, some amount of glycine is partly distributed through the phosphoenolpyruvate carboxykinase (PEP_CarbK_1) reaction for production of oxaloacetate and succinate which is part of the GBM_BM demand reaction. A comparison of the steady state flux profiles of astrocyte versus glioblastoma with GBM_BM as objective has been provided in Table S3 of Online Resource 2.
2. Increased cystine uptake in glioblastoma Simulating the model for GBM_BM objective function in both the scenarios further demonstrated a higher increase in cystine uptake and its metabolism as compared to the model simulations using ATP synthesis as objective (Fig. 6c) . This was because of the higher requirement of glutathione to meet the metabolic demand of glioblastoma cells to combat oxidative stress. 3. Reversal of TCA cycle towards production of malate and fumarate in both scenarios A back flux in TCA cycle, from oxaloacetate to fumarate was also observed in experiments, in both cultured astrocytes and in in vivo conditions, which was due to the activity of mitochondrial pyruvate carboxylase (Brekke et al. 2012 ). Through the model simulation, similar properties in the glioblastoma scenario were observed too (Fig. 6d) . The flux through the fumarate hydratase (FUMH) and malate dehydrogenase (MDH) reactions was reversed and enhanced in the glioblastoma scenario. The reason for this reversal was to maximize succinate production through TCA cycle, which was an important component of the metabolic demand reaction.
Essentiality of metabolites and reactions in glioblastoma growth
The important metabolites that contributed significantly to glioblastoma growth were identified. Single and double reaction knockouts analyses were performed to identify the sets of reactions, which could significantly reduce glioblastoma growth. The analyses were performed using the GBM_BM objective function.
Determination of metabolites essential for glioblastoma growth
Glioblastoma cell lines can show extremely long survival under glucose starved conditions by undergoing physiological adaptations to utilize alternatives and thus, combat nutrient deprivation (Griguer et al. 2005) . In order to determine those metabolites which essentially contributed to glioblastoma survival, even at glucose starved conditions, the metabolic fate of eight carbon sources namely, glucose, cystine, methionine, tryptophan, palmitate, glutamate, glutamine, and glycine through the network, was investigated. From the simulation results, cystine was found to be an essential metabolite for glioblastoma growth, although glucose was largely required for satisfying the metabolic demand and increasing glioblastoma growth rate. A complete deprivation of glucose did not lead to zero growth although growth rate was largely reduced. Previous experimental findings have also suggested a large reduction in cell growth due to glycolytic blockade by glucose starvation (Griguer et al. 2005) . Also, effect of glucose in combination with cystine was more pronounced in glioblastoma growth, instead of cystine alone as input (Fig. 7) . The simultaneous uptake and utilization of cystine and glucose served as the minimal metabolite requirement that could drive all those pathways which lead to synthesis of objective function components [Eq. (2)]. The essential role of cystine is to produce glutathione that would be required to combat oxidative stress. This observation was in agreement with the available experimental evidences, where cystine uptake was proven to be essential (Chung et al. 2005 ) and cysteine metabolism was identified to be a novel pathway in the glioblastoma growth (Prabhu et al. 2014) . And the role of glucose was to produce ribulose-5-phosphate, oxaloacetate and succinate through PPP and TCA cycle. Consequently, this minimal combination resulted in a solution higher than any other combination, thereby accounting for optimal glioblastoma growth.
Restricting the uptake of either of these metabolites led to either zero growth or a highly reduced growth rate (\20 % of the optimal value).
Predictions from single and double reaction knockouts
From the observations made in the previous section, cystine was found to be an important metabolite for glioblastoma survival. To further analyze the essentiality of the reactions involved in the metabolism of cystine, and also to find the other important reactions in the model, which could be targeted for reducing glioblastoma growth, single and double reaction knockout analyses were performed (Table 2 and Table S4 and Table S5 of Online Resource 2). All the single and double reaction knockout results were categorized as cases of lethal, trivial and nontrivial lethal and non-trivial solutions. Glioblastoma cells can thrive on different metabolic pathways for survival and show great metabolic heterogeneity (Griguer et al. 2005) . Similarly, it was observed that around 3 % (6 reactions) of the total single knockouts (208 reactions) and 6 % (1268 reactions) of the total double knockouts (21,528) were lethal to the glioblastoma scenario. A low number of lethal single knockouts suggested the robustness of metabolism in sustenance of the glioblastoma cells through alternative routes. Knockout analysis was performed on the network using GBM_BM as the objective function. Knockout analysis identified ribulose phosphate isomerase (RPI), a part of the pentose phosphate pathway to govern a lethal phenotype. In many type of cancers, it has been experimentally observed that PPP drives the glycolytic flux for production of ribose-5-phosphate and NADPH that can be used by cancers cells for detoxification of reactive oxygen species (Boada et al. 2000) . RPI represents a rate limiting-step for ribose-5-phosphate production in the PPP pathway. As ribose-5-phosphate is an essential component to meet the cellular metabolic demand, RPI was predicted to govern a lethal phenotype in the glioblastoma scenario. Also, in different types of cancers, high level of glutathione contents have been experimentally observed to combat with the oxidative stress experienced by the cancer cells (Ogunrinu and Sontheimer 2010) . Glutamate-cysteine ligase (GCL), rate-limiting step for production of glutathione was predicted to govern a lethal phenotype as it is the penultimate step for glutathione production. Similarly, glutathione synthase (GS), the ultimate step of glutathione synthesis from glutamate and cysteine was also predicted to govern a lethal phenotype. The cystine-glutamate antiporter (Anti_cystine_glut) and cystine reductase (CystRed) reactions are involved in production of cysteine. In the previous results, it was demonstrated that cystine was sufficient for production of the components of the GBM_BM objective. Hence, both the reactions were predicted to demonstrate lethality when knocked out.
Of the 1268 lethal double knockout reactions, 41 were non-trivial, which included reactions from glycolytic, pentose phosphate, TCA cycle and glycine-serine metabolism pathway and a few transport reactions. The most typical observation of glioblastoma metabolism through experiments was the increased flux through glycolysis for a high production of ATP and corresponding reduction in glioblastoma growth under glucose starvation, even though their survival was maintained (Griguer et al. 2005) . A combinatorial targeting of the glycolytic pathway with the PPP, TCA cycle and glycine-serine metabolic pathways was hence, found to be more effective in combating glioblastoma growth. Thus, the knockdown of a glycolytic pathway reaction in combination to a pentose phosphate pathway reaction or a TCA cycle reaction hindered the production of r5p or oaa or succ. Consequently, the double knockouts proved to be lethal to the glioblastoma growth. The in silico results also yielded reactions belonging to glycine-serine metabolism as good targets in combination with each other. Glycine was necessarily required for glutathione production. When the availability of glycine was blocked through the knockdown of both the internal glycine-serine metabolism and the external source of glycine uptake, this paired knockout led to the inhibition of glutathione production, and hence proved lethal. Consequently, dual targeting the reactions of this pathway was effective in reducing the growth.
The knockouts reaction results were further classified as lethal, growth reducers and null reducers on the basis of percentage inhibition in the metabolic demand reaction rate in the glioblastoma scenario (Fig. 8 ). Knockouts which led to 100 % inhibition of metabolic demand reaction were considered to be ''Lethal''. Reaction knockouts which caused a flux reduction of [80 % of the flux through the metabolic demand were considered to be ''Partial growth reducers''. Those set of reaction knockouts which inhibited the flux of metabolic demand within 20-80 % of the default value, were considered as ''Marginal growth reducers''. The class of 'sub-marginal growth reducers' was considered for those set of knockouts which could not bring effective reduction (0-20 % inhibition) through the objective function. Analysis of the double knockout showed that 48 % of the partial growth reducers belonged to the glycolytic pathway. The rest of the 52 % were mostly constituted by the reactions of TCA cycle, PPP, Oxidative phosphorylation and Glycine-serine metabolism. The larger fraction of both single and double reaction knockouts which belonged to sub-marginal growth reducers and null reducers which were indicative of the robust and redundant reactions of the glioblastoma metabolic network.
Chemotherapeutic interventions in glioblastoma scenario
The reaction knockout analyses could predict a subset of reactions, which were crucial in glioblastoma growth. To NA not applicable identify the feasibility of targeting these reactions and their effectiveness, these reactions were simulated for their effect as chemotherapeutics for either inhibiting, or bringing down the growth rate of the glioblastoma cells to a normal range. For this analysis, the previously identified growth reducer reactions leading to reduced growth (0 \ GBM_BM solution \ glioblastoma optimum) were chosen. From the simulation studies it was observed that in order to completely reduce the flux through the metabolic function, targeting the lethal single knockout reactions required a complete reduction of flux through them. Whereas targeting the lethal double knockout reactions were more effective, as partial reduction of flux through those combinations brought a complete reduction of flux through the metabolic demand reaction. Recent experimental approaches also suggest that targeting a combination of proteins instead of each individual protein of the combination, could bring about a more pronounced anti-tumorigenic effect (Oliveira-Ferrer et al. 2013 ). As such, combinations from non-trivial lethal knockout reactions were simulated which could be targeted most effectively for efficient growth reduction.
Of the 41 non-trivial lethal double knockout predictions, 36 combinations were chosen for testing their chemotherapeutic intervening properties, which excluded a few transport reactions. Each reaction combination was simulated by varying the flux through individual reactions of the combination simultaneously, to obtain the effective reduction of flux through both of these reactions which reduced glioblastoma growth completely and to obtain a feasible flux range through both the reactions for which the growth rate was reduced to the normal level. The effective reduction of flux was depicted in percentage, which was defined as percentage reduction of flux through any particular reaction. The simulation results for the 10 most effective combinations have been shown as contour plots in Fig. 9 . A list of all the 36 chemotherapeutic combinations has been provided in Table S6 of Online Resource 2. The percentage reduction of flux value for complete reduction of growth and for Normal growth, for each reaction of the combinations has been listed in Table S7 of Online Resource 2.
Inhibitors to a few of these target reactions were already available (see Table S8 of Online Resource 1). In-silico study on the core metabolism in cancer cells showed that reactions of glycolytic, TCA cycle, oxidative phosphorylation and pentose phosphate pathway could be good targets to check cancer cell progression (Resendis-Antonio et al. 2010) . Interestingly, our context-specific constraint based metabolic model specific to glioblastoma could identify reactions belonging to cysteine metabolism and reaction combinations of glycine-serine pathway to be potential targets for controlling glioblastoma growth.
These potent reaction pairs of the glycine-serine metabolism give way to discovery/formulation of combinatorial drugs that can inhibit them. Therapeutic agents to target the glycine receptors are already known. Inhibitors like Picrotoxin targeted the neuronal c-aminobutyric acid and homomeric glycine receptors (Wang et al. 2006) , whereas strychnine hydrochloride was found to be a potent antagonist specific to the glycine receptor (García-Colunga and Miledi 1999). These could be employed beneficially to understand the activity of the glycine transporters in glioblastoma too, as evidences state a correlation between the glycine transporter activities with the distribution of its receptors (Jursky and Nelson 1995) . In recent years, many pharmaceutical companies have also developed potent and selective inhibitors for glycine transporters. SSR 504734 and SSR 103800, a series of N-(2-aryl-cyclohexyl) substituted spiropiperidines and ORG 25935 are a few compounds, which showed promising results as inhibitors of glycine transporters (Hashimoto 2010) .
Discussion
In the present work, a context specific metabolic network for astrocyte/glioblastoma has been developed, that studies the adaptation of complex metabolic reactions within the network under scenario-specific conditions to achieve specific biological goals like growth and maximization of ATP synthesis. Through this model, we tried to investigate the cumulative effect of a large scale metabolism on the metabolic functioning of glioblastoma, the effect of the mutual connectivity of the individual pathways within the metabolic network and the difference in response they show in the astrocytic and glioblastoma scenarios. Also, through the in silico approach, we tried to gain some insight into the alternative metabolic routes and metabolites which contributed to the metabolic heterogeneity of glioblastoma. The present model was capable of yielding results which were in correspondence to the experimentally proved phenomena of both astrocytes and glioblastoma (Deighton et al. 2014; Mangia et al. 2009; Marrif and Juurlink 1999; Pellerin and Magistretti 1994; Wise et al. 2008; Zhou et al. 2011) . From our study, specific pathways were observed to demonstrate a co-operative effect in the astrocyte and glioblastoma scenarios. In the model astrocyte scenario, dependence of glycolysis for mitochondrial ATP synthesis reduced with increased uptake and utilization of glutamate as energy source, due to coupling of both glutamate and glucose catabolism via TCA cycle (Fig. 2c) . A similar phenomenon was reported in a previous experimental study (Pellerin and Magistretti 1994) . Similarly, in glioblastoma scenario, conversion of glutamine to glutamate and its extracellular release was coupled with cystine uptake and its catabolism to produce glutathione. Previously, through experiments, the cooperative effect of glutamate and cysteine metabolism was speculated and briefly studied in glioblastoma (Ye et al. 1999) . Evidences stated that glycine content of neuronal cells was higher than that of glial cells (Roux and Supplisson 2000) , and most of the CNS tissues sufficed their glycine requirement via the internal glycineserine metabolism pathway derived from glucose via 3-phosphoglycerate (Nicklas and Browning 1978) , even though astrocyte cultures fed with glycine were capable of utilizing it by maintaining intracellular levels of glutathione, serine and creatine (Dringen et al. 1998) . Based on these literature evidences and predictions from the model, it was inferred that astrocytes take up glycine from external sources at a lower level and most of its requirement in the astrocytes was fulfilled by the internal glycineserine metabolic pathway. Further, a higher uptake of glycine by astrocytes from external source resulted in a reduction in its glutamate uptake rate and an excess of glycine caused glutaminolysis in the astrocytes. On the contrary, glioblastoma showed an increased glycine uptake which was driven towards increased synthesis of glutathione. This increased production of glutathione was simultaneously accompanied with the increased uptake of cystine, which is taken in by the cystine-glutamate antiporter. Hence, a higher amount of glutamate was lost through efflux. This loss was compensated by glutamine uptake which is subsequently converted into glutamate within the cell.
Glioblastoma cell lines can show extremely long survival under glucose starved conditions, which are indicative to the fact that these cells undergo physiological adaptations to overcome nutrient deprivation (Griguer et al. 2005) . From the model, it was predicted that cystine could be one essential metabolite that could serve to glioblastoma survival and growth, even at glucose starved conditions. The utilization of glucose was found to be coupled to the cystine uptake in the model. This was perhaps because of the choice of objective function. The objective function included ribulose-5-phosphate, oxaloacetate, succinate and glutathione, which were generated by glycolysis and cysteine metabolism pathways. Consequently, a minimal combination of cystine and glucose could drive a considerable amount of flux through the objective function, as compared to any other minimal combination.
In-silico study on the core metabolism in cancer cells showed that reactions of glycolytic, TCA cycle, oxidative phosphorylation and pentose phosphate pathway are essential for cancer cell progression (Resendis-Antonio et al. 2010) suggesting that central and highly connected b Fig. 9 Chemotherapeutic intervention scenarios and effective combination of target reactions. Percentage reduction of flux through combination of essential double knockout reactions a hexokinase (HEX) and fructose-1,6-bisphoasphate aldolase (FBA), b ribulose phosphate-3 epimerase (RPE) and 6-phosphogluconolactonase (6PGLase), c fumarate hydratase (FUMH) and alpha ketoglutarate dehydrogenase (AKGDH), d glycine transport (Trans_glycine) and Phosphoglycerate dehydrogenase (PGDH), e hexokinase (HEX) and triose phosphate isomerase (TPI), f glucose transport (Trans_glucose) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), g phosphofructokinase (PFK) and Hexokinase (HEX), h succinyl-CoA synthetase (SCS) and fumarate hydratase (FUMH), i ribulose phosphate-3 epimerase (RPE) and glucose-6-phosphate dehydrogenase (G6PDH) and j glucose transport (Trans_glucose) and phosphoglycerate kinase (PGK), and its effect on the flux through the metabolic function, GBM_BM (different regions in the contour plots)
proteins (enzymes) can prove to be useful drug targets (Jeong et al. 2001) . These enzymes belong to central carbon and energy metabolism that essentially meet the energy requirements of the cell and hence are important. However, the centrality of enzymes does not always imply lethality in complex protein networks (Raman et al. 2014 ). Similar to this observation, in our metabolic network, we identified some unique enzymatic reactions that did not belong to the aforementioned central metabolic pathways but still were deemed to be absolutely essential for glioblastoma growth. Pertaining to this, targeting the reactions belonging to cysteine metabolism ('Cystine glutamate antiporter', Anti_cystine_glut, and 'cystine reductase', CystRed) and dual targeting of the reactions belonging to glycine-serine metabolism along with glycine transporter could potentially suppress glioblastoma growth. Thus to summarize the present study, the designed model could predict-that most of the astrocytic glycine requirement was fulfilled by the internal glycine-serine metabolism pathway, and excess glycine in the environment of growing astrocytes might have an effect on its glutamate metabolism. Further, it was observed that cystine and glucose were two vital metabolites, which could significantly contribute to glioblastoma growth. From model analysis for chemotherapeutic interventions, it was observed that reactions of cysteine metabolism and dual targeting of reactions belonging to glycine-serine metabolism could be potential chemotherapeutic targets for effective inhibition of glioblastoma growth. The present metabolic model has both its advantages and limitations. The steady state assumption is a limitation to the model, which does not allow us to consider the intermediary dynamic changes in the flux profiles of the reactions. Even though, the present context-specific model suffices to achieve the biological goal of glioblastoma growth, considering only a subset of the whole genomic network might lead to results which deviate from the real biological scenario. In order to overcome such limitations, our predictions can further be validated through experiments, so as to help the chemists and biologists to discover small molecule inhibitors against brain cancer. An in vitro experimental approach, by treating the astrocyte-derived glioblastoma cell lines like LN-229 and U87MG with combinations of inhibitors/ chemotherapeutic agents mentioned in Table S8 of Online Resource 2 for ensuring their synergy and selectivity to inhibit cell growth and proliferation (Lehár et al. 2009 ), can further validate the model predictions.
Therefore, our study not only contributes in understanding the complexities, differences and consequences of glioblastoma metabolism for predicting biologically reasonable disease scenarios, but also provides a deep insight into identification of important targets as well as chemotherapeutic interventions.
